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Abstract 
The glycosaminoglycan (GAG) dermatan sulphate and chondroitin sulphate side-chains 
of small leucine-rich proteoglycans have been increasingly posited to act as molecular 
cross links between adjacent collagen fibrils and to directly contribute to tendon 
elasticity. GAGs have also been implicated in tendon viscoelasticity, supposedly 
affecting frictional loss during elongation or fluid flow through the extra cellular matrix. 
The current study sought to systematically test these theories of tendon structure-function 
by investigating the mechanical repercussions of enzymatic depletion of GAG complexes 
by chondroitinase ABC in a reproducible tendon structure-function model (rat tail 
fascicles). The extent of GAG removal (at least 93%) was verified by relevant 
spectrophotometric assays and transmission electron microscopy. Dynamic viscoelastic 
tensile tests on GAG depleted rat tail tendon fascicle were not mechanically different 
from controls in storage modulus (elastic behavior) over a wide range of strain-rates 
(0.05, 0.5, and 5% change in length per second) in either the linear or nonlinear regions 
of the material curve. Loss modulus (viscoelastic behavior) was only affected in the 
nonlinear region at the highest strain rate, and even this effect was marginal (19% 
increased loss modulus, p=0.035). Thus glycosaminoglycan chains of small leucine rich 
proteoglycans do not appear to mediate dynamic elastic behavior nor do they appear to 
regulate the dynamic viscoelastic properties in rat tail tendon fascicles.  
Keywords: decorin; glycosaminoglycan; tendon; mechanical properties; structure 
function; storage modulus; loss modulus; cyclic; dynamic; viscoelasticity. 
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Introduction 
The primary function of tendon is to transmit tension, and this is reflected in a mostly 
parallel fibered arrangement at various levels of structural hierarchy (Kastelic et al., 
1978). Ultimately the brunt of tensile load is borne by small diameter (20 – 500 nm) 
collagen fibrils that constitute the major part of tendon dry weight (75%). While there is 
an active debate regarding the relative continuity/interconnectivity of collagen fibrils and 
how collagen fibrils are effectively cross-linked and/or interwoven to provide structural 
integrity (Provenzano and Vanderby, 2006), a large number of studies suggest that 
collagen fibrils are relatively short and assume a discontinuous fibril network (Birk et al., 
1997;Dahners et al., 2000;Mosler et al., 1985;Thurmond and Trotter, 1994;Trotter and 
Koob, 1989). Thus tendon is widely modeled as a fiber reinforced composite material in 
which force is laterally transferred between neighboring fibrils (Ciarletta et al., 
2008;Haut, 1986;Humphrey and Yin, 1987;Korhonen et al., 2003;Lanir, 
1978;Mommersteeg et al., 1996;Preston and Meyer, 1971;Wren et al., 2003). However, 
the mechanism that governs lateral load transfer among collagen fibrils is largely 
unknown. This study explores an increasingly invoked structure-function concept that 
implicates tendon proteoglycans (PG) as important collagen cross-linking elements.  
PG and their associated glycosaminoglycan (GAG) side-chains constitute approximately 
3% of tendon dry weight. Of the tendon PGs, decorin (and in smaller quantities biglycan) 
forms the overwhelming majority (>90%). Decorin is ubiquitous in tendon and is 
regularly attached to the surface of collagen fibrils (Cribb and Scott, 1995;Raspanti et al., 
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1997) (see also, Figure 1). Decorin has been identified as a critical factor in the structural 
organization and development of the tissue (Birk et al., 1995;Reed and Iozzo, 
2002;Zhang et al., 2006) as well as a promoter of nutrient diffusion (Koob and Summers, 
2002). In addition to aiding in the bearing of compressive loads (as hydrophilic molecules 
that attract water), it has also been suggested that decorin may play a direct role in the 
support of tensile loads (Cribb and Scott, 1995;Hedbom and Heinegard, 1993;Korhonen 
et al., 2003;Liao and Vesely, 2007;Robinson et al., 2005;Robinson et al., 2004;Ruggeri 
A., 1984;Scott, 1986). 
The theory of collagen cross-linking by GAG chains (Figure 1 A) stems from and is 
partially supported by observational evidence in the literature. Cribb and Scott (Cribb and 
Scott, 1995) quantified relative movements of stained GAGs during mechanical 
relaxation tests and postulated an interfibrillar force transfer through a ratchet type 
mechanism along the length of the collagen fibril axes. More recently, Liao and Vesely 
proposed a similar mechanism to explain observed changes in inter-fibrillar PG side-
chain orientation of mitral valve chordae tendineae subjected to tensile loading (Liao and 
Vesely, 2007). More direct experimental evidence has shown that single collagen fibrils 
produced in vitro are strengthened with the addition of decorin (Pins et al., 1997). Other 
studies have shown that decorin deficient transgenic mice exhibit reduced strength of the 
skin compared to wild type mice (Danielson et al., 1997). Finally, computational proof-
of-principle studies have established that sufficient mechanical integrity of tendon can be 
achieved with GAGs acting as the sole linkage mechanism for lateral force transmission 
between adjacent fibrils (Redaelli et al., 2003).  
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There is some evidence against PG mediated collagen interactions. Mechanical testing of 
tendons from decorin/biglycan knockout mice have indicated little apparent influence of 
these PGs on the tensile strength or elastic modulus of tail tendon fascicles compared to 
wild type controls, but with some noted differences in the patellar tendons (Robinson et 
al., 2005). However, the complication of compensatory mechanisms in knock-out animal 
models, and difficulty separating developmental factors (Zhang et al., 2006) from 
eventual functional factors clouds interpretation of these experiments. The in vitro 
experiments of Lujan et al. (Lujan et al., 2007a) more directly contradict the concept of 
GAG cross-linking, where human knee ligaments depleted of dermatan sulfate through 
chondroitinase B digestion showed no differences from controls in elastic modulus, 
hysteresis, or failure behavior.  
Apart from their elastic characteristics, which facilitate energy conservation during 
movement and modulate the nature of muscular force transfer to bone, tendons display 
viscoelastic properties which dissipate shock and prevent tissue damage (Woo et al., 
1993). This viscoelastic behavior has been directly associated with tissue water content 
(Chimich et al., 1992;Haut and Haut, 1997;Lam et al., 1993;Mijailovich et al., 1994;Woo 
et al., 1993) and the highly hydrophilic tendon PGs have been hypothesized to regulate 
tissue hydration and viscoelastic frictional losses associated with fluid flow through the 
solid matrix (Elliott et al., 2003;Haut, 1985;Screen et al., 2006). Again, available 
experimental evidence yields a convoluted picture, with support from experiments 
showing that enzymatic disruption of PGs side-chains reduces viscoelastic effects in 
tendon and palmer aponeuroses (Millesi et al., 1995) and that tendons from decorin 
knock-out mice show reduced strain-rate sensitivity (Robinson et al., 2004), but with 
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other experiments indicating increased rates of stress relaxation in the same mice (Elliott 
et al., 2003).  
The present study attempted to clarify the partial and often conflicting information that is 
available on the structure-function concepts of either PG mediated collagen fibril load 
sharing or, PG mediated tendon viscoelasticity. Using a widely employed and highly-
reproducible animal model for investigating tendon mechanics, GAG side-chains in rat 
tail tendon fascicles (RTTF) were selectively digested using a buffered chondroitinase 
ABC solution (Millesi et al., 1995;Prabhakar et al., 2005). Water content of tested tissues 
was carefully regulated to approximate a physiological state, and to avoid artifacts 
induced by the GAG digestion protocol. Tendons were dynamically (cyclically) tested in 
tension over a broad range of physiological strain-rates, from quasi-static to quasi-
impulsive. Dynamic mechanical analysis was then used to parameterize material behavior 
in terms of storage and loss moduli to respectively describe the ability to either store 
energy (elastic behavior) or dissipate energy (viscous behavior) (Menard, 1999).  
Results 
Twenty rat tail tendon fascicles were characterized for mechanical behavior in terms of 
storage and loss moduli to quantify their respective elastic and viscous behaviors over a 
broad range of strain-rates. Material test curves of the fascicles in all groups exhibited 
typical characteristics of collagenous tissue mechanical behavior, with a nonlinear toe 
and heel region, followed by an approximately linear region of constant stiffness. 
Mechanical tests using both ascending and descending orders of applied strain-rates 
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revealed that the frequency dependencies described below were not dependent on test 
direction (data not shown). Further, repeated testing showed high reproducibility for 
individual specimens (data not shown). Therefore observed intra-sample variations were 
deemed to be due to changes in inherent mechanical properties rather than due to artifacts 
resulting from multiple testing on single samples.  
In native fascicles (freshly dissected and prior to incubation in solution), storage modulus 
in the linear region of the material curve (mean strain: 1.8%) increased significantly by 
3-4% with the log of the frequency over the tested range of frequencies, indicating low 
strain-rate sensitivity. Loss modulus in the linear region decreased approximately 20% 
over the range of tested frequencies, demonstrating decreased tendency of the tissue to 
dissipate dynamic loads at higher frequencies. At lower strain levels corresponding to the 
heel region of the material curve (mean strain: 0.4%), storage modulus did not increase 
significantly between 0.1 and 1 Hz but increased 3 % between 1 Hz and 10 Hz. Loss 
modulus in the heel region were fairly consistent at all tested frequencies, with a slightly 
lower (10 %) loss modulus at 1 Hz compared to 0.1 and 10 Hz values. Grouped results 
for all dynamic mechanical testing are summarized in Figure 2. 
Assays revealed that the applied chondroitinase ABC treatment reduced the concentration 
of sulfated GAG by at least 93% compared to matched controls (Figure 3). Sulfated GAG 
content of the enzyme treated fascicles was 2.29 ± 2.27 μg sulfated GAG/mg tendon 
tissue dry weight compared to 31.90 ± 7.82 μg sulfated GAG/mg tendon tissue dry 
weight in the control group (p<0.001). Longitudinal transmission electron micrograph 
(TEM) sections stained for collagen and sulfated glycosaminoglycans indicated effective 
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chondroitinase removal of GAGs from the fibril surfaces when compared to experimental 
control tendons (Figure 4, bottom row). Transverse (cross-sectional) TEM images of 
collagen fibril morphology indicated no apparent lateral fibril fusion due to the 
elimination of the GAG side-chains (Figure 4, top row).  
Tissue swelling was apparently successfully regulated in both control and GAG depleted 
tendons, with pre- and post-treatment comparisons of cross sectional area remaining 
constant in both groups after incubation in buffer (native vs. control group: p = 0.99, 
native vs. test group: p = 0.63). Transverse TEM imaging revealed similar cross-sectional 
collagen fibril morphology between GAG depleted tendons and matched controls, but 
with slightly less compact fibril packing in both groups compared to native tendons 
(Figure 4). 
Paired Students T-test revealed no mechanical effects of long-term incubation in 
buffer-only solution as storage (p = 0.170-0.832) and loss moduli (p = 0.126-0.532) of 
the control group remained unchanged in the linear and heel region of the material test 
curves after incubation. Incubation in buffer-enzyme solution also had no effect on 
storage moduli of the test group in either the linear or the heel region (p = 0.394-0.844). 
Loss moduli in the linear region remained unaffected by GAG removal as well (p = 
0.273-0.412). At the highest tested strain rate (10Hz) loss moduli in the heel region did 
show an increase of 19% (p = 0.035) (Figure 2).  
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Discussion 
Whether small leucine-rich proteoglycans (SLRP) are integrally involved in tensile 
tendon mechanics is controversial. There is some evidence that sulfated GAGs play a role 
in quasi-static tendon mechanics (Cribb and Scott, 1995;Liao and Vesely, 2007;Redaelli 
et al., 2003), while other studies indicate that this may not be true (Lujan et al., 
2007a;Millesi et al., 1995;Rigozzi et al., 2009). Some researchers have proposed that 
GAGs might rather influence dynamic viscoelastic tissue properties (Elliott et al., 
2003;Lujan et al., 2007a;Robinson et al., 2004;Screen et al., 2005), but this also remains 
to be conclusively established. The current study thus tried to clarify the mechanical role, 
if any, of SLRP GAG side-chains in regulating tensile mechanical properties of tendon 
through carefully controlled experiments using a well characterized experimental model 
for investigating tendon structure-function (Derwin and Soslowsky, 1999).  
To test the relationship between GAG content and tensile tendon mechanics, RTTF were 
incubated in a physiological buffer solution or in buffer and chondroitinase ABC. This 
enzyme specifically degrades dermatan (DS) and chondroitin sulfates (CS) GAG side-
chains of decorin and biglycan, the primary SLRPs in tendons. Repeated dynamic tensile 
tests of single RTTFs at strain-rates ranging from quasi-static to dynamic were then 
compared pre- and post-treatment. We found that incubation in either control or enzyme 
solution did not have a significant effect on elastic or viscoelastic properties in either 
group tested with this experimental setup and tissue.  
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Initial experiments indicated that mechanical testing was sensitive to tissue swelling 
induced by long-term incubation in buffered solution (unpublished data). Such tissue 
swelling has been described by others (Koob, 1989;Screen et al., 2006) and was reversed 
in the present study by immersion in 8% polyethylene glycol in phosphate buffered saline 
(PBS) immediately prior to and during mechanical testing. The polyethylene glycol-PBS 
solution was optimized to restore the original tendon cross sectional area as measured 
immediately following extraction of the fresh fascicles (Lujan et al., 2007b). The control 
and quantification of tissue hydration we employed has been previously described 
(Hoffman et al., 2005) and proved to be reproducible in our hands.  
Our first hypothesis was that the elastic modulus of CS and DS depleted tendon fascicles 
would differ from native tendon tissue, implying that PGs might work as mechanical 
cross links that transfer forces. This hypothesis was rejected based on the evidence 
presented above. Depletion of at least 93% CS and DS in tendon by chondroitinase ABC 
did not affect the storage modulus of RTTFs. Thus, our results tend to disprove the theory 
that DS and CS side-chains of SLRPs mechanically interconnect discontinuous adjacent 
collagen fibrils and that they maintain the tissue integrity of tendons during tensile 
loading. While this hypothesis has been postulated and supported by semi-quantitative 
observational evidence (Cribb and Scott, 1995;Liao and Vesely, 2007;Redaelli et al., 
2003), a number of other studies in both tendon (Millesi et al., 1995;Rigozzi et al., 
2009;Robinson et al., 2005;Screen et al., 2006), and ligament (Lujan et al., 2007a) lend 
support to our contrary findings.  
It is still possible that molecules other than DS and CS help transfer forces between 
adjacent fibrils (Caprise et al., 2001;Dahners et al., 2000;Koob and Summers, 2002). This 
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may include tissue adhesion glycoprotein molecules such as fibronectin (Caprise et al., 
2001;Dahners et al., 2000) or other PGs with heparin and keratin sulfate side-chains. 
These sulfated GAGs remained undigested, since chondroitinase ABC is selectively 
active on DS and CS and they likely contribute to the remaining 7% of sulfated GAGs in 
the digested test group (Screen et al., 2006). Another range of potential linking candidates 
are hyaluronates (Cribb and Scott, 1995), which represent approximately 15% of all 
GAGs in tendon and build the osmotic pressures that resist compressive forces. 
Alternatively, our results could also support the notion that collagen fibrils and fibril 
bundles are sufficiently branched and interwoven to preclude the need for interfibril 
cross-linking as a guarantee of structural integrity (Craig et al., 1989;Provenzano and 
Vanderby, 2006).   
Our second hypothesis, that GAG digestion would affect the dynamic viscoelastic 
properties of RTTF, was also rejected. We reasoned that GAGs might affect energy loss 
during cyclic elongation by regulating frictional forces between the collagen fibrils, with 
GAG content dictating fibril packing and fibril-fibril interactions. Alternatively, we 
hypothesized that tendon viscoelastic behavior may be regulated by movements of fluid 
through the solid matrix or frictional forces between fibrils and fluids within the extra 
cellular matrix. Only one test condition (of twelve) showed a statistically significant 
difference between pre- and post-treatment mechanical properties; loss modulus in GAG 
depleted tendon increased by 19% in the heel region at 5% s
-1
. While this could indicate 
increased frictional losses at the interface of sliding collagen fibrils at higher rates of 
tissue deformation, we recommend interpreting this finding conservatively given that a 
very similar trend (p = 0.126) was observed in the control group.  
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Although the current study provides insight into GAG-collagen interactions in tendon, 
there are some limitations that must be noted before weighing the implications of our 
results. While we did conduct our experiments at quite low rates of deformation (quasi-
static tests at 0.1 Hz or 0.05%s
-1
), it remains possible that GAG content may play a 
functional role at extremely low rates of deformation, affecting behaviors such as creep 
and relaxation (Elliott et al., 2003).  
Another important limitation is the use of a tendon (rat tail) that may not be fully 
representative of other tendons, particularly more compliant tendons that bear high 
cyclical loads in vivo. Given this limitation, one must be conservative in extending the 
drawn conclusions to tendon in general. This limitation has been pointed out by other 
researchers who have suggested that the structure-function relationships found in the tail 
might not generally apply to all tendons (Robinson et al., 2005). However the 
biochemical composition (Rumian et al., 2007), collagen-PG architecture (Wang et al., 
2006) and mechanical characteristics (Nagasawa et al., 2008;Schechtman and Bader, 
1994;Schwerdt et al., 1980) of RTTFs fall within the range of other skeletal tendons. 
Furthermore, the limitations regarding anatomical/functional relevance may be partly 
offset by the fact that recent experiments on load bearing human ligament tend to confirm 
our results (Lujan et al., 2007a). Further, recent experiments in our own laboratory using 
murine Achilles tendons indicate that elasticity of the tendon midsubstance is also 
relatively insensitive to GAG content (Rigozzi et al., 2009). It must be noted that in these 
studies the influence of GAG content on tissue mechanics could not be isolated to the 
collagen fibril level due to complex hierarchical tissue organization. As described below, 
the current study overcomes this limitation. 
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While the tail tendon model may be limited in some aspects, tail tendon meets essential 
criteria that other tendons cannot (Derwin and Soslowsky, 1999). Most critically, tail 
tendon fascicles offer a uniform anatomical structure that can be easily isolated and 
mechanically tested with high reproducibility. Also important is that individual fascicles 
are only one hierarchical level above the anatomical structures of interest (here collagen 
fibrils/PG). This permits a direct correlation of GAG content to mechanical properties 
since multi-scale interactions at higher levels of tendon hierarchy can be excluded, and do 
not confound structure-function analysis of the extracellular matrix. Further, due to the 
length of RTTFs it is possible to solely test the tendon midsubstance and to exclude the 
relative histological complexities associated with bone and muscle insertion sites 
(Kannus, 2000). Finally, previous investigations of PG-collagen fibril interactions have 
been mostly done in tail tendons and this facilitates a more direct comparison between 
existing studies (Robinson et al., 2005;Robinson et al., 2004;Screen et al., 2006;Screen et 
al., 2005).  
In conclusion, repeated dynamical mechanical tests on single RTTFs revealed little, if 
any, difference between normal and GAG depleted RTTF. Removal of at least 93% DS 
and CS side-chains of SLRPs had no influence on tissue mechanics in the applied 
experimental setup. The present study adds new evidence against a functional role of 
SLRP glycosaminoglycan side-chains as mechanical cross-linking elements in tendon 
and reveals little or no contribution of SLRP glycosaminoglycan side-chains to rat tail 
tendon dynamic viscoelasticity. This study thus forms a clear step toward reconciling the 




Rat tail tendon fascicle preparation 
Sprague Dawley rats were euthanized by carbon dioxide inhalation immediately before 
starting the experiments, and were handled in strict accordance with Swiss regulations for 
animal studies. RTTFs were carefully extracted from the middle and proximal part of the 
tail. Rats were skeletally mature (17 weeks), male, and weight matched. Specimens were 
extracted from the tail and clamped immediately before mechanical testing using 
previously described soft tissue mounting techniques (Snedeker et al., 2005).  
Dynamic characterization of rat tail tendon fascicles 
Twenty single fascicles, randomly separated into two groups, were tested in a dynamic 
uniaxial testing machine (Electro Force 3220-EM, Bose Corp, USA) (Figure 5A). 
Specimens were tested in PBS with one tablet of a protease inhibitor cocktail (Mini 
Complete, Roche) per 10 ml PBS at 25.5°C in a custom environmental testing chamber. 
The specimens were allowed to equilibrate for two minutes before testing. To permit 
normalization of force to nominal stress, fascicles were preloaded to 0.15 N where crimp 
(macroscopic fascicle waviness) disappeared, and images  of the fascicle were taken from 
orthogonal perspectives using telecentric lenses (Carl Zeiss, Visionmes 16/1/0.1 
Germany)to characterize the ellipsoidal cross sectional area . Fascicles were then 
preconditioned with eighteen sinusoidal stretch cycles at a mean level of 1.6% strain and 
with amplitude of 0.8% strain.  
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Tendon exhibits a non-linear mechanical behavior in which it is more compliant at low 
strains, and less compliant at high strains. To investigate potential influence of GAG 
content in these two distinct loading conditions, test regimes were performed at two 
levels of tendon strain. First, a mean level of 1.8% strain was implemented to 
characterize the less compliant “linear region” of the fascicle material curve and then a 
mean level of 0.4% strain was implemented to characterize the more compliant “heel 
region” of the material curve. Around these mean strain levels, sinusoidal strains were 
applied with amplitudes of 0.5% (Figure 5). Strain-rate dependent (dynamic viscoelastic) 
behavior was assessed over two orders of magnitude with applied sinusoidal frequencies 
of 0.1, 1 and 10 Hz. These were selected to represent quasi-static loading, 
“physiological” loading, and quasi-impulsive loading. These frequencies and strain 
magnitudes translated to approximate mean strain-rates of 0.05, 0.5 and 5% s
-1
.  
The dynamic mechanical test protocol and data analysis were implemented using 
commercial software provided by the machine manufacturer (WinTest® DMA, Bose 
Corp, USA). Here, Fourier analysis was applied to the force and displacement time 
histories to determine the complex stiffness (N/mm), a measure of the relative elastic and 
viscoelastic specimen behavior. Complex stiffness was later normalized by fascicle 
length and cross sectional area to obtain complex modulus (MPa). Complex modulus was 
finally separated into storage modulus and loss modulus to quantify respective measures 
of elastic and viscous behavior for each specimen.  
Mechanical tests post-treatment were performed in 8% polyethylene glycol (10 000 KD) 
to inhibit tissue swelling (Lujan et al., 2007b). Before mechanical testing, fascicles were 
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first allowed to equilibrate to their environment for 7 minutes in the polyethylene glycol-
PBS solution.  
GAG digestion  
Following the initial tensile characterization of fascicle mechanical properties, each 
specimen was removed from the test machine while still clamped and bathed in groups of 
five fascicles for 18 h at 37 °C in 4 ml of enzyme solution: 0.1 M 
trishydroxylmethylaminomethane hydrogen chloride and 0.1 M sodium acetate buffer 
(tris-buffer) (Sigma-Aldrich, 88411) with 0.3 units/ml of the enzyme chondroitinase ABC 
(Sigma-Aldrich, C2905) and one protease inhibitor cocktail tablet per 10 ml buffer. The 
control solution was pH adjusted (pH = 8) tris-buffer only and protease inhibitor tablets. 
Chondroitinase ABC solution at pH 8 was implemented to degrade CS and DS 
(Prabhakar et al., 2005). To stop further enzyme reaction after 18 h fascicles were rinsed 
and kept in fresh control solution at room temperature until testing. Additional tendon 
tissue was similarly treated for ultra structural analyses and biochemical assays of 
sulfated GAG content described below.  
After post-treatment testing, the extent of chondroitinase ABC induced DS and CS 
removal was assessed using a standardized colorimetric sulfated GAG assay (Burkhardt 
et al., 2001;de Jong et al., 1989;Farndale et al., 1986). Briefly, fascicle tissue between the 
clamps that was exposed to the treatment solution (or control solution) as well as the non-
tested but incubated fascicles were collected and dry weighed after lyophilisation. The 
tissue was fully digested in a papain solution (Worthington, LS003126) and sulfated 
GAGs were stained with dimethylmethylen-blue, a metachromatic dye specific to 
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sulfated GAGs. Sample absorbance of light at 525 nm wavelength was measured in a 
spectrophotometer (Cary 300 UV-Vis, Varian Inc., USA) and compared to the 
absorbance of freshly prepared standard solutions of CS at designated concentrations. 
Each was prepared in triplicate and readings for each standard and sample were averaged. 
A standard curve was created by reducing the data with a least squares fit to generate a 
linear calibration curve. GAG mass per sample was calculated and normalized by dry 
mass of the tendon tissue from which the samples were made.  
Ultrastructural analysis: GAG-collagen staining and TEM imaging 
Fascicles from each treatment group and non incubated (native) RTTF were cut into 
pieces with an approximate length of 12 mm. Tissue swelling was regulated using PEG 
solution, as in the mechanical tests. These samples were then fixed in 2.5% 
glutaraldehyde (Sigma-Aldrich, 49625) for one hour. Cupromeronic blue and the critical 
electrolyte concentration technique (Haigh and Scott, 1986) were used to reveal the 
proteoglycans under transmission electron microscopy. The cupromeronic blue staining 
procedure was as follows: Fixed tendon fascicles were trimmed to about 1 mm
3
 size and 
stained overnight with 1% cupromeronic blue in 0.2 M acetate buffer at pH 5.6 
containing 0.3 MgCl2. After rinsing with the same solution without cupromeronic blue, 
samples were immersed in 0.5% Na2WO4 in buffer for 1 hour and then overnight in 0.5% 
Na2WO4 in 30% ethanol. To reveal the collagen fibrils, samples were contrasted with 1% 
uranyl acetate in water for one hour. All samples were then dehydrated with graduated 
concentration of ethanol and propylene oxide. Specimens were infiltrated and embedded 
in Epon (polymerized at 60°C for 48 hours). Ultra-thin longitudinal sections (parallel to 
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fibril direction), 85 nm thick, were cut with a diamond knife and mounted on uncoated 
grids. Samples were then observed with TEM (Philips 208, Germany). For imaging of 
collagen fibril cross-sectional morphology the same procedure without cupromeronic 
blue staining was repeated but with transverse ultra-thin sections. 
Statistical analysis 
Data were tested for fit to a normal distribution using Kolmogorov-Smirnov tests, and 
Levene’s tests proved equality of variances. Paired Students T-tests were then used to 
analyze the dynamic testing data for differences of moduli, cross sectional area, and 
effects of strain-rate. In all tests, a p-value of 0.05 was chosen as the level of significance. 
Unless otherwise noted, results are reported as mean ± standard deviation. All statistical 
analyses were made using commercial statistical analysis software (SPSS 14.0, Chicago 
Ill, USA). 
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Figure Captions: 
Figure 1: (A) Tendon is composed of mostly parallel collagen fibrils (TEM image, top 
left inset) that are surrounded by water and other matrix components (not stained). The 
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long axis of collagen fibrils appear to be striated, a consequence of the staggered 
configuration of component collagen molecules. The core protein of the PG decorin 
attaches at these banded intervals of 67 nm, and the single GAG side-chain of decorin is 
mostly orthogonally aligned to the collagen fibril length (shown schematically, middle 
inset). These side-chains have been identified as potential mechanical cross-linking 
elements that transmit lateral force between adjacent collagen fibrils (shown 
schematically, bottom left inset)  (Cribb and Scott, 1995;Hedbom and Heinegard, 
1993;Korhonen et al., 2003;Liao and Vesely, 2007;Redaelli et al., 2003;Robinson et al., 
2005;Ruggeri A., 1984;Scott, 1986). (B) Longitudinal transmission electron micrographs 
stained for collagen fibrils and sulfated GAGs in native tendon.  
 
Figure 2: Comprehensive test results: * = significant difference pre-post treatment in the 
paired statistical analysis (p<0.05). (A-D) Paired T-tests indicated that storage and loss 
moduli in the nonlinear (heel) region and linear regions of the material curve remained 
unchanged after incubation in either buffer-only or buffer-enzyme solution except for an 
increased loss modulus of the test group at 10 Hz in the heel region. There was a similar 
trend (p=0.1) in loss modulus of the heel region at 10 Hz in the control group. (A-B) 
Storage modulus is slightly sensitive to strain-rate. (C-D) Loss modulus decreases in the 
linear region, but not the heel region, with increasing strain-rates.  
Figure 3: (A) Sulfated GAG content of rat tail tendons with respect to calibration 
standards (R
2
 = 0.993). (B) Differences in relative quantity of sulfated GAGs per unit 
mass of dry tissue for control and GAG digested tendons were highly significant 
(p<0.001).  
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Figure 4: Transmission electron micrographs of tail tendon stained with uranyl acetate (to 
reveal collagens) and cupromeronic blue (a sulfated GAG stain) show that chondroitinase 
ABC digestion removed the GAG side-chains from the surface of the collagen fibrils 
while leaving the collagen architecture generally intact. Slight tissue swelling is apparent 
in both experimental groups compared to native tendons that were immediately fixed 
after tissue harvest. 
Figure 5: (A) Schematic of the strain input and tendon stress response over time. 
Sinusoidal amplitudes of 0.5% strain with frequencies of 0.1, 1 and 10 Hz were applied at 
two different mean levels: 0.4% and 1.8% strain representing the nonlinear heel region 
and the linear region, respectively. Stress response of the tissue lags behind the strain 
input (δ). (B) Representative cyclic stress-strain plot of a rat tail tendon fascicle at the 
heel and linear region compared to a normal ramp to failure stress-strain curve 
parameterized into heel, linear and failure region (material curve is not true scale).  
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Figure 1: (A) Tendon is composed of mostly parallel collagen fibrils (TEM image, top left inset) that are surrounded by water and other matrix 
components (not stained). The long axis of collagen fibrils appear to be striated, a consequence of the staggered configuration of component collagen 
molecules. The core protein of the PG decorin attaches at these banded intervals of 67 nm, and the single GAG side-chain of decorin is mostly 
orthogonally aligned to the collagen fibril length (shown schematically, middle inset). These side-chains have been identified as potential mechanical 
cross-linking elements that transmit lateral force between adjacent collagen fibrils (shown schematically, bottom left inset) (Cribb and Scott, 
1995;Hedbom and Heinegard, 1993;Korhonen et al., 2003;Liao and Vesely, 2007;Redaelli et al., 2003;Robinson et al., 2005;Ruggeri A., 1984;Scott, 
1986). (B) Longitudinal transmission electron micrographs stained for collagen fibrils and sulfated GAGs in native tendon. 
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Figure 2. Comprehensive test results: * = significant difference pre-post treatment in the paired statistical analysis (p<0.05). (A-D) Paired T-tests indicated 
that storage and loss moduli in the nonlinear (heel) region and linear regions of the material curve remained unchanged after incubation in either buffer-
only or buffer-enzyme solution except for an increased loss modulus of the test group at 10 Hz in the heel region. There was a similar trend (p=0.1) in loss 
modulus of the heel region at 10 Hz in the control group. (A-B) Storage modulus is slightly sensitive to strain-rate. (C-D) Loss modulus decreases in the 
linear region, but not the heel region, with increasing strain-rates.
Figure 3. (A) Sulfated GAG content of rat tail tendons with respect to calibration standards (R2 = 0.993).  (B) Differences in 
relative quantity of sulfated GAGs per unit mass of dry tissue for control and GAG digested tendons were highly significant 
(p<0.001). 
Figure 4: Transmission electron micrographs of tail tendon stained with uranyl acetate (to reveal collagens) and cupromeronic 
blue (a sulfated GAG stain) show that chondroitinase ABC digestion removed the GAG side-chains from the surface of the 
collagen fibrils while leaving the collagen architecture generally intact. Slight tissue swelling is apparent in both experimental 





































Figure 5. (A) Schematic of the strain input and tendon stress response over time. Sinusoidal amplitudes of 0.5% strain with 
frequencies of 0.1, 1 and 10 Hz were applied at two different mean levels: 0.4% and 1.8% strain representing the nonlinear 
heel region and the linear region, respectively. Stress response of the tissue lags behind the strain input (δ). (B) 
Representative cyclic stress-strain plot of a rat tail tendon fascicle at the heel and linear region compared to a normal ramp to 
failure stress-strain curve parameterized into heel, linear and failure region (material curve is not true scale). 
